Abstract OFDM (Orthogonal Frequency Division Multiplexing) has gained a great deal of attention of late and is considered a strong candidate for many next generation wireless communication systems. However, OFDM (in its current implementation) does not demonstrate robustness to narrowband interference. In our earlier work, we showed how Carrier Interferometry (CI) spreading codes may be applied to spread OFDM symbols over all N subcarriersthis allows OFDM to exploit frequency diversity and improve performance (without loss in throughput). In this paper, we show that, by spreading OFDM symbols over all N subcarriers via CI spreading codes, the resulting CI/OFDM system is also capable of suppressing narrowband interference. Simulation results over AWGN and multi-path fading channels confirm CI/OFDM's robustness in the presence of narrowband interference.
I Introduction
Orthogonal Frequency Division Multiplexing (OFDM) has a bright future -it promises to emerge as the technology of choice in many next generation wireless communication systems [1] [2] . Already, OFDM has been adopted as the standard for Wireless Local Area Network (WLAN) systems (IEEE 802.11a [3] , IEEE 802.11g [4] , and Hyper-LAN II [5] ). In OFDM, a high-rate incoming signal is serial-to-parallel converted to N low-rate data streams, and each is sent over one of N orthogonal subcarriers [1] [2] . Because each symbol stream is transmitted over one narrowband subcarrier, each symbol stream experiences a flat fade. This enables a simple OFDM receiver structure. However, OFDM is not without its drawbacks. One important drawback in OFDM, which has not gained much attention, is its sensitivity to narrowband interference. Since each OFDM symbol is transmitted over a unique subcarrier, one or more information symbols are likely to be lost when corresponding subcarriers experience a narrowband interference. As a direct consequence, the BER performance of OFDM system degrades rapidly in the presence of narrowband interference. Coded OFDM (COFDM) (e.g., [2] [3]) can be used to account for this problem; however, this solution can significantly reduce the throughput of OFDM systems. In our earlier work of [6] [7] , we proposed a novel OFDM architecture capable of exploiting frequency diversity to improve BER performance (without any throughput loss). The novel OFDM system, referred to as CI/OFDM (Carrier Interferometry OFDM), spreads each of the N low-rate symbol streams across all N subcarriers using orthogonal Carrier Interfeometry (CI) spreading codes. A performance analysis of the proposed CI/OFDM system shows that, at a bit error rate (BER) of 3 
10
− , CI/OFDM gains approximately 10 dB relative to OFDM for BPSK modulation (and 5 dB gains are observed for the 64QAM constellation). In this paper, we extend the proposed CI/OFDM architecture and demonstrate its ability to suppress narrowband interference. For example, the authors derive a novel CI/OFDM receiver employing Minimized Mean Square Error Combining (MMSEC) (for both AWGN and fading channels), where the receiver is now optimized in the presence of narrowband interference. The authors then show that CI/OFDM's spreading of each low-rate symbol stream, coupled with the optimized receiver, is able to counter the impact of narrowband interferers. That is, the CI/OFDM system developed in this work is very robust to narrowband interference. Performance analysis and simulation results performed over AWGN channels and frequency-selective fading channels confirm the anti-interference capability of CI/OFDM. Section II introduces the CI/OFDM transmitter. Section III presents the CI/OFDM receiver structure and its MMSE combining schemes, optimized in the presence of narrowband interference. Section IV presents the emulated performance results over AWGN and frequency-selective fading channels, demonstrating the significant antiinterference capability of CI/OFDM. Figure 1 illustrates both the traditional OFDM transmitter (Figure 1(a) ) and the novel CI/OFDM transmitter ( Figure  1(b) , (c)). In both OFDM and CI/OFDM, the input data stream is first serial to parallel converted. In CI/OFDM, each information symbol is then modulated onto all of the N carriers (Figure 1(c) ). To ensure the separability of information symbols at the receiver side, the transmitter applies a unique orthogonal spreading code to each information symbol (where spreading is applied in the frequency domain, i.e., across carriers (Figure 1 (c)) ). Specifically, orthogonal Carrier Interferometry (CI) codes, first proposed for MC-CDMA systems (CI/MC-CDMA [8] [9] ), are applied, as they ensure the orthogonality among all transmitted information symbols. These spreading codes correspond to the application of (to the th k symbol) ) ( ) ( where (1 
II CI/OFDM Transmitter Structures
It is important to note that CI spreading codes defined in equation (1) and (2) are a group of orthogonal spreading codes, i.e., 
In equation (5) 
III CI/OFDM Receiver Structure and MMSE Combining
After transmission over a frequency-selective fading channel, and assuming the presence of a narrowband interference, the received CI/OFDM signal corresponds to selective Rayleigh fading channel, and (2) n(t) is additive white Gaussian noise (AWGN). Also in equation (7), ) (t I represents a narrowband interference. We assume (1) ) (t I interferes with Figure 2) and (2) ) (t I can be characterized statistically using a Gaussian random process. 
It is important to note that, when the narrowband interference has very high power (e.g., 10dB higher than the signal power), i.e., In other words, in the presence of very high power narrowband jammer, the CI/OFDM receiver simply ignores those subcarriers impacted by narrowband interference: It only combines carriers not corrupted. The combining of equation (14) is also an excellent approximation whenever (1) an estimate of the narrowband interference power 2 I σ is not available or (2) the presence of narrowband interference leads to inaccurate estimate of fading gain ( i α 's). In the next section we demonstrate the proposed CI/OFDM system's robustness to the narrowband interference.
IV Channel Model and Simulation Results
In this section, we test the performance of the CI/OFDM system (proposed in Sections II and III) in the presence of narrowband interference. We compare these performance results with those of traditional OFDM in the presence of an identical interference. Here, simulations are performed over (1) an AWGN channel and (2) a frequency-selective Rayleigh fading channel. Both CI/OFDM and OFDM systems employ N=32 carriers to transmit 32 data bearing symbols. To model realistic wireless environments, the Rayleigh fading channel employed in our simulation demonstrates frequency selectivity over the entire bandwidth, BW, but flat fading over each of the N carriers. Specifically, we assumed a channel model with coherence bandwidth, is the frequency separation between these two carriers. Generation of correlated fades, for purposes of simulation, has been discussed in [11] .
Figures 4 and 5 illustrate the simulation results in an AWGN channel. Specifically, Figure 4 illustrates the bit error rate (BER) versus signal to noise ratio (SNR) results for OFDM in the presence of narrowband interference and Figure 5 plots the same axis for CI/OFDM. In both figures, four cases are considered: (1) no narrowband interference is presented; (2) the narrowband interference corrupts only 1 subcarrier; (3) the narrowband interference corrupts 2 subcarriers and (4) the narrowband interference corrupts 4 subcarriers. The narrowband interference is assumed to have much higher power than the transmit OFDM and CI/OFDM signal in the same band, i.e., subcarriers experiencing narrowband interference are completely lost and the combiner of equation (14) is employed. It is evident from these figures that (1) OFDM suffers dramatic performance degradation due to narrowband interference, as a high error floor is observed whenever narrowband interference is present; (2) CI/OFDM offers a graceful performance degradation in the presence of narrowband interference and no error floor is observed. This is the direct consequence of CI/OFDM's inherent spreading of information over the entire bandwidth. In OFDM systems, whenever one or more carriers experience a high power narrowband interference, the information on those carriers is lost, creating the high BER floor of Figure 4 . In CI/OFDM systems, however, there is no information only on corrupted carriers -instead, each information symbol is spread over all N carriers (by employing CI spreading codes). Thus, CI/OFDM systems tolerate narrowband interference, demonstrating the graceful degradations we observe of Figure 5 . − is observed at 15dB, whereas OFDM requires 24dB); (2) the performance of OFDM degrades dramatically whenever narrowband interference is present and (3) CI/OFDM offers a graceful performance degradation in a narrowband-interference channel. Figure 8 illustrates CI/OFDM's extremely large performance gain relative to OFDM in the presence of narrowband interference. These results confirm CI/OFDM's capability in terms of suppressing narrowband interference.
To further illustrate the advantage of CI/OFDM over OFDM with narrowband interference, we also simulated the performance of both systems with channel coding. Rate ½ constraint length 7 convolution code is employed for both OFDM and CI/OFDM. Figure 10 shows the performance of OFDM system with channel coding under narrowband interference, while Figure 11 illustrates CI/OFDM. It is obvious from these figures that CI/COFDM strongly outperforms OFDM system in all scenarios. 
V Conclusions
In this paper, we present CI/OFDM as a powerful technology with important application to channels experiencing narrowband interference. By spreading all information symbols over all N subcarriers with CI spreading codes, CI/OFDM not only exploits frequency diversity (improving BER performance), but also suppresses narrowband interference. Simulation results over AWGN and frequency selective fading channels confirm that CI/OFDM offers a much more graceful performance degradation whenever narrowband interference is present. This is a direct consequence of CI/OFDM's inherent spreading of information over the entire bandwidth.
